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Abstract

Two-phase flow occurs in the unsaturated zone and in aquifers contaminated with non-
aqueous phase liquids. The macroscopic flow equations used to predict two-phase flow
tYpically utilizes a capillary pressure-saturation relationship determined under
equilibrium conditions. Theoretical and experimental evidence have indicated that this
relationship may not be unique, but may depend on the saturation rate. To quantify this
dependency, direct measurements of equilibrium and dynamic capillary pressure-
saturation relationships were made. For a given saturation, capillary pressure measured
under dynamic conditions was shown to be larger than capillary pressure measured under
equilibrium conditions, consistent with thermodynamic theory [1]. The damping
coefficient t, was shown to be dependant on porous media properties and the
desaturation rate, and independent of the domain size. This implies that two-phase flow
simulators should account for dynamic flow when saturation rates are high and for porous

media with low intrinsic permeability and high air entry pressures.

'Key words: Capillary pressure; Saturation; Two-phase flow; Dynamic effects; Porous

media; Unsaturated zone; Volume averaging; Macro scale; Dynamic effect coefficient.
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Chapter 1 - Introduction

Two-phase flow occurs in numerous natural and engineered systems. In the natural
environment, the unsaturated zone is composed of porous media. Within the pore spaces
of this media, both air and water coexists as separate phases. The flow of water and air in
the unsaturated zone needs to be understood to determine the movement of dissolved
solutes and pesticides from surface sources into aquifers, to develop conservative
irrigation schedules and to determine the ground water recharge rate. Engineered
scenarios such as the remediation of non aqueous phase liquids (NAPLSs) from aquifers
and petroleum reservoir development are examples of two-phase flow processes where

NAPL and water are simultaneously present within the porous media.

The traditional approach to modelling two-phase flow systems utilizes the single phase
Darcy’s Law, which is extended to account for the presence of two immiscible fluids
present within the porous media. In Darcy’s law, fluid flux is linearly related to the
pressure gradient or driving force [2]. Here the pressure gradient of the non wetting and
wetting fluids is related through the Young’s-Laplace capillary pressure equation (see
| Equation 1.0). The driving force includes capillary, viscous and gravity forces [3, 4].
Relative permeability is introduced to account for the reduced permeability of one phase

with reference to the other.

Capillary pressure is introduced to account for the presence of fluid/fluid interfaces and is

described by the Young’s-Laplace equation:




L

N

Pn - Pw = ‘Pc = O-nw/w(zcosa/R) ( 1°O)
The capillary pressure (P.) is given by the difference between the non-wetting (P;) and
wetting (Py) fluid pressures. The Young’s-Laplace capillary pressure equation, derived at

the pore scale under static or no flow conditions, is assumed to be applicable to transient

flow at the macro scale.

There is compelling experimental evidence that indicates that this may not be the case
[5-9]. Air-water drainage experiments like those conducted by [5] and [10] and
perchloroethylene (PCE)-water experiments conducted by [6, 11] and [12] were all
conducted on different soil types and with varying saturation rates. However, the
transient or dynamic effect in the P.-S,, relationship was detected in all of the above
mentioned cases; i.e. the P.-S, relationship measured under high desaturation rates
(transient or dynamic flow conditions) lie higher than the P.-Sy, relationship measured

under low desaturation rates (static or steady state flow conditions) for water drainage.

By applying the measured or optimized static P-S,, relationship (determined over weeks

. or ' months) to simulate transient processes on the order of minutes or hours, one assumes

that any force which results in the movement of an interface is instantaneously dissipated
and equilibrium is re-established in a short period of time [7]. This assumption may be
violated if the system under investigation is dependant on the flow regime [3]. There

exists strong experimental evidence which indicates that two phase flow systems are not




independent of the flow regime but are influenced by the saturation rate [7], the dominant

driving force [13] and variable wettability of the porous media [14].

To account for the transient or dynamic effects on the capillary pressure-saturation
relationship, [1] and [8] have developed similar theories to account for the observed non-
uniqueness in the Pc-S,, relationship. Laws of conservation of mass, momentum and
energy were used to develop microscopic flow equations for both fluid phases as well as
for the interfaces which exist at the boundary between the phases. These microscopic
equations were upscaled to the core or macro scale using volume averaging techniques. A
constitutive relationship for capillary pressure was then developed at this scale. Here [1]
infroduces the concept of dynamic capillary pressure. The difference between the static
and dynamic capillary pressure is said to be linearly related to the product of the
saturation rate and a damping coefficient (t). Here the Young’s-Laplace P¢-S,, equation is
obtained from the dynamic relationship when the desaturation rate approaches static or

steady state conditions.

It is physically unrealistic to assume that equilibrium between two fluids in a multiphase

~ flow system can be reached instantaneously at all saturations [15]. For an air-water

drainage system this may only be justified at high wetting phase saturations where the

- permeability is near unity [3]. The presence of the damping coefficient (t) is said to

provide the necessary relaxation time which is needed for the moving fluids to reach

equilibrium [16]. For scenarios where a rapid desaturation rate is induced, a dynamic




capillary pressure term may have to be implemented to simulate the transient two-phase

flow process [12].

In some engineering applications, saturation rate changes may be significantly faster than
that experienced under average groundwater flow rates. Examples of such engineering
applications are the injection of CO, in deep subsurface aquifers [17], water flooding of
oil reservoirs for oil recovery [16], high pressure sand filter systems, heavy
rainfall/irrigation events on sands at residual saturation [18] and for the simulation and
remediation of non-aqueous phase quuids [19]. It is therefore important to have the
ability to capture and quantify the observed saturation rate dependency of the P.-S,,

relationship to model scenarios like those previously mentioned.

The actual physical mechanisms that result in an increased relaxation time for system
equilibrium is not clearly understood [13]. Essentially, any factor that increases the time
needed to achieve equilibrium increases the magnitude of t [3]. Some of the factors that
.have been proposed include imposed boundary conditions [18], soil properties [20], fluid
properties [21] as well as macro and microscale heterogeneities [19, 22]. However, these
‘factofs have not been extensively investigated in experimental systems. Other than [20],
the other studies are comprised of only numerical modeling. Experimental work
conducted by [5, 6, 10, 11] have focused on detecting the dynamic effect, however,

experimental parameters such as soil properties and fluid properties have not been varied

to examine the possible effects on 1, the damping coefficient.




1.0 Aims of the Thesis

The objectives of this thesis are:

To determine if measured capillary pressures are a function of the water

desaturation rate for sands of different physical properties.

Utilize different methods to determine the magnitude of the damping

coefficient, 1.

Assess if the volume over which measurements are averaged impacts the

magnitude of .

- Quantify the impact of sand properties (i.e. intrinsic permeability and entry

pressure) on the magnitude of 1.

Assess the validity of the proposed linear relationship between dP, (i.e., the
difference between static and dynamic capillary pressures) and dS,/dt (i.e.,

the desaturation rate).




Chapter 2 - Literature Review

2.0 Introduction

Groundwater is important to the welfare of society. Approximately 50% of current
potable water supplies, 40% of the demand of self-supplied industry and 20% of
irrigation for agriculture comes from groundwater sources [23]. As the world’s
population continues to increase, so too does the demand for water. This trend has led to
water scarcity in many parts of the world and the situation is further aggravated by the
problem of groundwater pollution by persistent organic contaminants, originating from

hazardous industrial wastes.

One group of organic contaminants of major concern is chlorinated solvents [24]. These
chemicals are classified as DNAPLs or dense non-aqueous phase liquids. DNAPLs have
a greater density than water and they migrate through the subsurface environment as a
separate phase from water. This type of separate migration of phases constitutes

multiphase flow.

2.1 Unsaturated Groundwater Flow

One important type of multiphase flow system occurs in the unsaturated zone. This is the
region of the subsurface which lies between the Earth’s surface and the phreatic surface
[25]. In this zone, both air and water co-exist as separate phases in the void space

between soil particles (see Figure 2.1). The unsaturated zone is utilized throughout the




world for the cultivation of plants, construction of buildings and for the disposal of waste

[4].

Water from precipitation, irrigation or influent surface bodies must first infiltrate into the
subsurface and then percolate through the unsaturated zone before replenishing the
underlying aquifers. It is therefore essential that the flow of water through the
unsaturated zone be understood. This enables us to quantify recharge of the underlying
aquifers, to develop conservative irrigation programs and also to track the movement of
dissolved contaminants such as leachate from landfills, fertilizers and pesticides from

farms [4, 26].

2.2 DNAPL Subsurface Contamination

- Another multiphase flow system of importance exists when aquifers are contaminated by

DNAPLs. DNAPLs have been produced and utilized widely since the beginning of the

20th century [24]. In the past, disposal of DNAPLs was achieved by simply spreading

them over the earth’s surface [24, 27]. It was believed that due to the high volatility of
these contaminants, the DNAPL would simply evaporate into the atmosphere. The
i?nportance of DNAPLSs as soil and groundwater contaminants was not recognized until
the 1980s [28]. By this time, the indiscriminate dumping of used DNAPLs had already

resulted in widespread aquifer contamination [27].




- -

Unsaturated zone
\ ’/
V4 = Air'Water
- System
100%

Saturation Saturated zone

Figure 2.1. Multiphase flow scenario

DNAPLs have the ability to migrate to significant depths below the water table where
they form pools of entrapped DNAPL mass [29]. Over time, these pools slowly dissolve
into flowing groundwater, resulting in aqueous phase plumes. Therefore, the release of
DNAPL:s at the ground surface can lead to long-term contamination of groundwater both

in the unsaturated and saturated zones [28].

Other sources of DNAPL contaminants have been identified as accidental spills during
transport to and from storage facilities, leaks from corroded storage tanks, and

malfunctioning degreasing equipment [27]. Improper landfilling practices, storage in




R N Bl 50 AT 5

unlined lagoons and other surface impoundments have also contributed to DNAPL
contamination [24]. Table 2.1 gives a list of common DNAPL contaminants, their main

uses, and the maximum contaminant level (MCL) allowed in drinking water.

Table 2.1. Common DNAPL contaminants [27, 29, 30]

Chemical name US EPA MCL (mg/L) Main Usage
perchloroethylene 0.005 Dry cleaning, metal cleaning, intermediates
(PCE) ) in processes
1 0,
Trichloroethene (TCE) 0.005 Metal cleaning (>90% of UK use), dry
cleaning, extractions
. Paint stripper, metal cleaning,
Dl§hloromethane (DCM) 0.005 pharmaceuticals, aerosols, acetate films
1,1,1 Trichloroethane (TCA) 0.003 Metal/plastic cleanlrilfl,( adhesives, aerosols,

Long term exposure of these organic chemicals has the potential to cause liver related
problems and result in an increased risk of cancer in humans [30]. It is therefore
important to understand the processes involved in the subsurface migration of these
hazardous contaminants. Accurate computer models are needed to predict both the
migration pathway and dissolution of these chemicals. Information from these models
can then be used for the development and assessment of appropriate groundwater

remediation technologies [27, 29].

| 2.3 The Challenge of Multiphase Subsurface Modeling

Two-phase flow models, including those for both DNAPL contaminant flow and
unsaturated flow, are developed by utilizing model governing equations for the
conservation of mass, momentum and energy [24, 31]. Both DNAPL and unsaturated

flow are governed by two basic soil constitutive or material dependant relationships.
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These are the capillary pressure-saturation relationship (P.-Sy) and the relative

permeability-saturation relationship (K,-Sw) [4].

In single phase or saturated flow Darcy’s Law is used to describe the conservation of
momentum [26]. Darcy’s Law is adapted to the modeling of two-phase flow systems by
the inclusion of the P.-Sy and K-S, soil constitutive relationships [24]. Traditionally,
laboratory experiments are employed to determine the Pc-Sy, relationship under static or

steady state conditions.

This static relationship is then used to model dynamic flow processes [12, 32].
Experimental evidence has shown that the static P.-S,, relationship may not be unique but

may be affected by the rate of change of saturation [6, 11, 12, 33, 34]. The dependence of

the P.-Sy, relationship on the rate of change of saturation is referred to as dynamic or non-

equilibrium effects [35].

In the following review, the importance of the soil constitutive relationships, their

meanings and effects on multiphase flow systems are examined. This includes a review

~of recent experiments designed to detect and quantify the dynamic or transient flow

effects of the P.-S,, relationship.

2.4 Soil Constitutive Relationships

The determination of soil constitutive relationships is essential to the modeling of

multiphase and unsaturated flow systems. The ability of models to predict the flow of
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water and contaminants rely on the availability of accurate flow and transport properties
of the porous medium, i.e., the relative permeability-saturation relationship and capillary

pressure-saturation relationship [36].

2.5 Relative Permeability

For a porous medium that is at 100% saturation, the wetting fluid (i.e.; water) occupies
the entire void space. In the case of two-phase flow, both wetting and non-wetting fluid
phases are present simultaneously in the same .void spaces. Relative permeability
accounts for the influence of one fluid phase on another [37]. When the wetting phase
fluid saturation decreases due to an increase of the non-wetting fluid saturation, the cross-

sectional area available for flow of the wetting fluid decreases.

The wetting fluid must flow around the area of the pore space occupied by the non-
wetting fluid. This results in an increase in the flow path of the wetting fluid [38]. Further
decrease in wetting phase saturation would result in eventual film flow [39]. This occurs
at the irreducible wetting phase saturation (Sn,). At Sy the non-wetting phase relative
penneability (knw) is less than unity. This is due to the presence of residual water within
the pore spaces [39]. Figure 2.2 illustrates the dependency of relative permeability on

water saturation.
















16

Decreasing the capillary pressure back to zero, results in the main wetting or imbibition
curve. Note that the wetting phase saturation does not return to 100% or Sy, = 1 but ends
at Sy (the residual air), see Figure 2.4. This is due to entrapment of the non-wetting phase
during the imbibition process. The main hysteretic loop is defined as the region of the P-
Sw graph bounded by the main drainage and main imbibition curves. Scanning curves are

obtained by reversing the capillary pressure at any point within the main hysteretic loop.

2.6.2 The Dynamic P.-S,, Relationship

Traditional experiments used to determine the static P.-S,, relationship are time
consuming and can last weeks or months [12, 46]. Recently, more rapid, dynamic
experiments have been developed in which the soil constitutive relationships can be
~determined in a matter of hours or days [40]. However, experimental evidence of non-
uniqueness in the P-Sy, relationship determined under varying flow rates has been
reported [5-12, 20, 33, 47-49]. Here the dynamic P.-Sy, relationship is defined as the
- difference between air and water pressure measured under non-equilibrium conditions.
For studies which utilize one step outflow experimental data to obtain the P.-S,,
relaﬁonship via the inverse estimation technique, it has been shown that non-uniqueness
may be due to a lack of experimental information [50]. However, for experiments which
directly measure the P.-S,, relationship, the source(s) of this non-uniqueness remains

under debate.
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It has been suggested that the conventional static relationship may not be adequate for the
accurate description of dynamic multiphase flow systems [1, 16]. Under dynamic flow,
the macroscopic capillary pressure may not only be a function of saturation as shown in

Equation 2.3, but may also depend on the rate of change of saturation [19].

Since the traditional static P.-S,, relationship was based entirely on experimental
observation it was necessary to derive the P.-S,, relationship from first principles in order

to account for non equilibrium behavior. To address this issue, researchers have

developed similar theories to account for this observed non-equilibrium effect based on

thermodynamic and volume averaging techniques [16, 31].

Utilizing a pore scale approach, [8] demonstrated the importance of including fluid/fluid
interfaces for the correct description of the multiphase flow system. A physical cause of
dynamic or non-equilibrium effects was proposed as a process called Haines Jumps.
Here, if the capillary pressure of a system that is at rest (i.e.; possesses a stationary
fluid/fluid interface) is rapidly increased to a high value, the fluid/fluid interface becomes

unstable and jumps to a new position where it once again comes to rest. During the

‘ movement of the dynamic interface, free energy is dissipated and the energy of the

interface returns to its static value at a new position [12]. Here the capillary pressure of

the moving interface will be higher than that of a static interface for a given saturation

[7].
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[31, 51] identified parameters that are traditionally neglected in the models that govern
multiphase flow (e.g.: interfaces and contact lines). In their study they expressed capillary
pressure in terms of the change in free energy of the phases and interfaces as a result of a
change in saturation. Here, capillary pressure was determined to be equal to the
difference of the phase pressures only at equilibrium and a first order non-equilibrium

expression was derived to account for the dynamic condition:
denamic _ Pstatic _ T(&S/) ( 24 )
c —4e &

where P& is the dynamic capillary pressure, P is the static capillary pressure, 1 is

the damping coefficient (ML'T™") and 8S,/5t is the saturation rate. Equation 2.4 states
that the dynamic capillary pressure must be greater than the static capillary pressure

during drainage while the opposite is true for the imbibition process.

This is in agreement with experimental observations made by [12, 33] using variations of

the inverse modeling technique to fit the P-S,, relationship to experimental data and by

[5, 6, 8, 10, 11, 44] using methods developed to directly measure the P.-S,, relationship

in-situ. However, researchers such as [47, 48] caution that a lack of reproducibility of

~ transient experiments may also lead to non-unique results.
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2.7 Experimental Evidence of Dynamic Effects in PSS,

2.7.1 The Direct Measurement Method

To quantify the extent to which dynamic or transient flow affects the P.-S,, relationship,
[8] devised a procedure to calculate the dynamic effect coefficient from the direct
measurement of the static P.-Sy relationship, the dynamic P.-S,, relationship and the
experimental saturation rate. A series of three imbibition experiments were conducted

using limestone and sandstone core samples initially saturated with oil.

A pair of hydrophobic and hydrophilic pressure sensors measured the non-wetting and
Wetting phase pressures respectively at four levels along the length of the vertically
positioned core samples. This enabled the calculation of the capillary pressure using
Equation 2.4. Saturation was measured using an ultrasonic method at the same time and

level as the pressure sensors. (no info given on exactly how fluids were injected)

- Imbibition experiments were conducted by injecting water at 1 cc/hr, 5 cc/hr and 15 cc/hr
at the lower end of the cores. The relatively slow flow rate experiment of 1 cc/hr
rgpresented the static P.-Sy, relationship, while the faster flow rates of 5 cc/hr and 15
cc/hr represented the dynamic P-S,, relationship. The time derivative of saturation was
calculated from experimental data for each given flow rate. Equation 2.4 can be arranged
to give:

(})Cstatic - Pcdynamic‘) ( 2.5 )
L
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By substituting P*"™, P**" and §S,,/5t into Equation 2.5, values of t were calculated

for the dynamic experiments. Results from these experiments indicated that T, the
damping coefficient, was inversely proportional to flow rate. T was also shown to vary

with saturation, although the exact functional relationship was not determined.

Utilizing both quasi-static and dynamic drainage of an air-water system, [20] investigated
the influence of dynamic effects of the P.-S,, relationship for homogeneous quartz sand.
Expériments were conducted using both a coarse (Ks = 2.07 to 2.17 X 10% cm.s™) and a
fine sand (K; = 1.42 X 102 cm.s™). Water pressure was measured at different locations
along the length of the column. Water saturation was measured using a gamma ray
absorption iechnique, while air pressure was measured at one location in the column.

Both quasi-static and dynamic experiments were conducted. Here, [20] defines dynamic

effects as the difference between the measured dynamic and quasi-static capillary

pressures for a given saturation.

A linear relationship was found between the difference in dynamic and quasi-static

capillary pressure and the rate of change of saturation for drainage of both fine and coarse

* sands. Here, the slope of this linear relationship gives the magnitude of 1. Using data

from both dynamic and static experiments, [20] developed the following empirical

relationship to determine the value of © from fluid and porous media properties:

A (26)
kA\ pg
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In this relationship, T was shown to be dependent on porosity (¢), intrinsic permeability
(k), the Brooks and Corey parameters A and P4 , wetting fluid viscosity (x) and wetting
fluid density (p). T was shown to be larger for the fine sand (2.4 X 10° Pas) in
comparison to the coarse sand (7.0 X 10* to 9.5 X 10 Pa.s). Here © was calculated from
static and dynamic drainage Pc-S. measurements of 3 different locations in the column
for the coarse sand and from measurements at one location in a shorter column for the

fine sand.

Similar methods for the estimating the damping coefficient was employed by [6] for a
PCE/water system and by [10] for an unsaturated flow (air/water) system. In the
dynamic eXperiments conducted by [6], no membranes were placed at the outflow or

inflow boundaries. It was hypothesized that the hydrophobic and hydrophilic membranes

commonly used in transient experiments, may significantly affect the distribution of

fluids inside the soil sample. However, the static P.-Sy, relationship used to calculate the
dynamic effect coefficient in this study was taken from an experiment which utilized

these membranes.

- Tensiometric measurements of both wetting and non-wetting phases were made by [6]

while [10] measured the pore pressure of the water phase and assumed that the air phase
remained at atmospheric pressure throughout the experiment. This assumption is
commonly made in unsaturated flow experiments [9, 49] and has been confirmed by [20,
52]. The saturation and P, measured at the same level and time in the column, along with

the saturation rate was used to calculate the damping coefficient for transient



22

experiments. [6] reported a maximum value of T to be 1 x 10" kg.m™s? for the
PCE/water system while [10] reported a maximum value of 1 x 10% kg.m™s™ for the

air/water system.

Using a relatively small pressure cell, [44] investigated the saturation rate dependency of
sand and silt for the air/water fluid pair. Silt was shown to possess higher T values (1.6 X
10* kg.m™.s? at Seg = 0.8) than sand (1.1 X 10° kgm™s™' at Sgr = 0.8). This was
attributed to a faster response to changes in capillary pressure expected for porous media
with higher conductivity (i.e. the sand). Here T was determined by linear regression of
dP. (the difference between static and dynamic capillary pressures) and dS,/dt for a given
wetting phase saturation. In this study t was shown to increase as a power function with

decreasing effective water saturation.

Experimental evidence indicates that T may vary with saturation [6, 8, 10, 11, 44].
However, the exact functional relationship has not yet been developed. To address this
issue, [11], conducted both static and dynamic outflow experiments using a PCE/water
system. Similar to [8], wetting and non-wetting phases measured inside the soil sample

- were used to calculate static and dynamic capillary pressure relationships.

Failure of a static capillary model to predict the results of the dynamic experiments lead
to the development of a two-phase dynamic flow model in which the difference in phase
pressures i.e. the capillary pressure, depended on the rate of change of saturation. The

static capillary pressure model was shown to under predict the value of the experimental
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saturation. Various functional relationships between 1 and saturation were tested using

the dynamic model and it was reported that a reasonable fit to experimental data was

achieved using Gaussian and error functions to relate t to saturation [11]. A comparison

of the 1 values determined from experimental data is presented in Table 2.2.

Table 2.2. Summary of t determined from experimental data

Study Fluids Porous Media t (kg.m™.sT)
Stauffer (1978) Air/water Fine sand 24X10°
Coarse sand 7.0 X 10*
Kalaydjian (1992)° Oil/water Sand stone 2.0X10°
Topp et al. (1967) Air/water Sand 20X 10’
Chen (2006) Air/water Sand 1.1X10°
Silt 1.6 X 10°
Bottero (2006) PCE/water Sand 1.0X 107
O’Carroll (2005) PCE/water Sand 1.0X10°
Berentsen (2006) PCE/water Sand 1.0 X 10°

* 1 values taken from [7]

The dependency of t and wetting phase saturation has been directly determined by [6, 8,

10, 11]. Here [6] found < to increase as the wetting phase saturation decreased. By using

different functions to fit to experimental data, [11] found the relationship between t and

saturation to be best represented by an error function or a Gaussian relationship.

2.7.2 The Inverse Modeling Method

The inverse modeling approach has been shown capable of estimating the soil hydraulic

properties from transient experimental data [35, 40]. Thus more rapid experimental
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techniques, such as the multi-step outflow and one step outflow have evolved from longer
static experiments of the past. Another advantage this technique offers is the ability to
simultaneously estimate the capillary pressure and relative permeability functions from

one experiment [53].

The following is a brief summary of the inverse modeling technique. For a detailed
discussion of the inverse technique, refer to [40, 46]. The first step in the inverse
modeling technique is to conduct a transient flow experiment with predetermined
boundary conditions. During the experiment, flow variables such as cumﬁlative flow and

phase pressures are measured [12].

Next a numerical flow model is employed to simulate the transient flow regime of the
experiment by using initial estimates of the soil hydraulic function. For the modeling of
unsaturated flow, Richard’s Equation has been used in the numerical model [9, 49].
However, the applicability of Richard’s Equation is under debate and a few researchers
have questioned its use to model unsaturated flow [54]. Alternatively, the use of two-

phase flow model governing equations can be substituted for Richard’s Equation [53].

Typically the P.-S,, and K;-S,, soil hydraulic functions are represented by coupling
various constitutive models such as the van Genuchten/Burdien or Brooks and
Corey/Mualem equations [36]. Once the flow regime has been calculated, an

optimization algorithm is employed to estimate the fit parameters of the soil hydraulic
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functions by minimizing the difference between experimental and simulated flow

variables through an iterative solution of the governing flow equations [12].

The inverse method is now widely applied to determine the soil hydraulic characteristics
of various porous media both from laboratory and field data [40]. This technique has
been adapted to investigate dynamic effects or the saturation rate dependence of the P.-Sy
relationship. According to the dynamic P.-Sy, relationship developed by [31], the inverse
simulation of transient experiments should yield different soil parameters if experiments
are conducted at different saturation rates. To test this hypothesis, experiments have been

conducted using air-water systems [9, 33, 49] and PCE-water systems [12].

To investigate the saturation rate dependency of the soil hydraulic functions, [33],
conducted drainage experiments on initially saturated soil columns. One step outflow,
multi-step outflow and quasi-static syringe pump experiments were performed on initially
saturated columns packed with either a course textured or fine textured soil. The matric
potential versus time and the cumulative outflow versus time were recorded during the

experiments and the data used to estimate the unsaturated hydraulic properties of each

~soil type under varying flow rates. No flow rate dependence was observed for the fine

textured soil type. However, high flow rate one step outflow experiments conducted with
the course textured soil resulted in larger retention and residual water content in

comparison to the low flow rate multi-step outflow and quasi-static experiments.
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Inverse modeling of a two-phase PCE-Water system was carried out by [12] using data
from two multi-step outflow experiments conducted using different experimental
boundary conditions i.e. varying flow rates. Comparison of model results and
experimental data show a significant difference between simulated and experimental
outflow data. The inclusion of a constant dynamic capillary pressure term in the NAPL
governing equation of the flow simulator led to no real improvement in the model fit.
However, when t was made to vary linearly with saturation, a significant improvement
between simulated and experimental outflow data was achieved and quantified by a 30%
and 18% decrease in the RMSE of cumulative outflow data. The maximum reported

values of T were 1.06 X 10° and 5.64 X 10’ kg-m'l-s'l.

Combining both the direct measurement method and inverse method to simultaneously
predict the retention characteristic of an undisturbed sandy forest soil, [9] demonstrated
that these experiments were not affected by varying the rate of change of saturation. Four
cycles of continuous drainage and imbibition were conducted on the same soil column,

with the speed of each cycle increased by a factor of four.

_ Inverse simulation of the experiments was achieved using Richard’s Equation in the flow

model and the van Genuchten/Mualem parameterization for the hydraulic properties.
Simulated results indicate that the retention characteristic was not affected by varying the
experimental flow rate. This is contradictory to the findings of [12] and [33]. In situ

measurements of water pressure and water content taken at the same depth and time were
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used to plot the retention curve. Comparison of the in situ and inverse method shows that

similar retention curves can be achieved by using either method.

By using the soil hydraulic parameters obtained from the inverse modeling of multi-step
outflow experiments (low flow rate) to model the outflow regime of two-step
experiments (fast flow rate), [49] arrived at a similar conclusion to [9]. Inversion of the
Richards Equation along with a k-modal form of the van Genuchten equation was used to
obtain the hydraulic properties of the soil. Results show a good fit between simulated and
experimental outflow data for the multi-step outflow experiments. These soil hydraulic
parameters were then used to forward model the two-step experiment. Since both the
cumulative outflow and the tensiometer data of the two-step experiments were
reproduced with high accuracy, the author concluded that dynamic effects were not
experienced in this study. However, it should be noted that no attempt was made to

directly measure the P.-S,, relationship to confirm the optimized P.-S, relationship.

Based on a review of literature dating back to 1967, [7] used data from experiments
believed to be affected by dynamic effects to calculate values of 1. These values ranged
form 3 X 10* to 5 X 10" kg:m™s™". The physical nature of the phenomenon which causes
dynamic or non-equilibrium effects is not clear at this point. Various researchers offer
differing reasons, which may result in the saturation rate dependency of the P.-S,,

relationship.
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[33] proposed water entrapment, pore water blockage (membrane effects), air entrapment
and air-entry value effect as possible processes which may affect the flow in pressure
cells commonly used to conduct laboratory experiments of multiphase flow systems. [7],
also adds to this list, the dynamic contact angle effect. [22] used simulations to
demonstrate that as the intensity of heterogeneities increase, the value of t increases for a
given saturation, however actual experiments conducted by [49], using heterogeneous

sand columns showed no dynamic effects.

2.8 Conclusions

To date, [20] has been the only researcher to produce an empirical relationship between t
and soil properties. Stauffer’s empirical relationship has yet to be confirmed [7]. If
Stauffer’s relationship holds, then © can be rapidly estimated from measured soil
properties such as the permeability, porosity and éntry pressure. Modeling studies
conducted by [2, 19, 55] suggests that t scales with the square of the system’s length. If
this is a reality, then T may become arbitrarily large for systems at the field scale.
_ HoWever, this dependency of © on domain length has not been investigated through

experimental work.

The validity of the proposed linear 8P v.s. 8Sy/dt relationship has been tested in
experimental studies presented in [7] and in modeling studies by [19, 55]. This

relationship was found to be linear for high saturation rates. However, as the saturation




i F A st

29

rate diminishes, the relationship becomes non-linear, suggesting that a non-linear
relationship may be needed to account for dynamic effects over the entire saturation rate
range encountered in these studies. The proposed linear relationship should be

investigated in experimental work.

Finally, the influence of hysteresis (wetting and drainage cycles) on the behavior of

needs to be established to fully understand how dynamic effects may influence

multiphase flow in the natural environment.
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Chapter 3 - Methods and Materials

3.0 Introduction

The following is a description of the methods and materials used to investigate the flow
rate dependency of the P.-Sy, relationship. A fully automated outflow set up was designed
for the direct measurement of the P.-S,, relationship during both static and dynamic air-
water primary drainage experiments. All experiments were conducted at a temperature of

22°C (+ 2°C).

3.1 Solid, Non-Wetting and Wetting Phases

The solid phase used in all experiments was either a 50/50 (by weight) mixture of F32
and F50 or F70 Ottawa sand (Opta Minerals Inc., Brantford, Ontario). The F32-F50 sand
mixture has a mean grain size of 0.042 cm and a uniformity index of 2.3. The F70 sand
has a mean grain size of 0.018 cm and a uniformity index of 1.6. The grain size

distribution of both sands is given in Figure 3.1.
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3.3.2 Non-Wetting Phase Tensiometer

To construct non-wetting phase tensiometers (NWPT), the ceramic cups were treated
using either Octedecytrichlorosaline, Chlorotrimethysilane or Mythyltrichlorosilane with

the latter treatment being the most effective.

Ceramic cups were treated with a 2% solution of Octedecytrichlorosaline (OTS) (Fisher
Scientific, Ottawa, Ontario) in ethanol [57]. The ceramic cups and OTS solution were
intfoduced into a screw lid container. The container was covered and placed into a shaker
for 2 hours. The container was then uncovered and placed into a vacuum chamber for a
period of 12 hours, after which the porous cups were then removed and excess OTS
solution wés allowed to drain. Finally, the cups were rinsed with pure ethanol. The

treated cups were air dried for 24 hours before being attached to the customized Swaglok

-fittings.

Alternatively, NWPT were made by treating the ceramic cups with Chlorotrimethysilane
(Fisher Scientific, Ottawa, Ontario) for 2 hours, followed by rinsing twice with toluene
and twice with methanol [58]. The ceramic cups were then air dried over night before
béing attached to the customized Swaglok fittings. Prior to use in outflow experiments,

the NWPT’s were placed in a vacuum chamber for 5 hours.

Alternatively, NWPT were made by treating the ceramic cups with a 15% solution by
volume of Mythyltrichlorosilane (100%) (Sigma-Aldrich Co.) in toluene (100%) [59], for

24 hours, followed by rinsing thoroughly with methanol (100%). The ceramic cups were
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then air dried over night before being attached to the customized Swaglok fittings. Prior
to use in outflow experiments, the NWPT’s were placed in a vacuum chamber for 5
hours. This was done to ensure that the pores of the ceramic cups were completely

saturated with the non-wetting fluid (air) at the beginning of each experiment.

3.4 FP2000 Pressure Transducer

Both wetting and non-wetting tensiometers were connected to FP2000 pressure
transducers (Honeywell, Columbus, OH. USA). The FP2000 pressure transducers were
configured to measure gage pressure between +350 cm water with an accuracy of 0.10%
- 0.25%. Data acquisition from these transducers was achieved by connecting them to a
CR7 data logger (Campbell Scientific, Logan, Utah). When a 5V excitation is applied,

the sensor’s output voltage is linearly related to the gage pressure.

3.4.1 Pressure Transducer Calibration Procedure

The calibration of the transducers involves connecting them to a manometer and taking
readings at known water heights or heads. Raw mV readings were plotted against these
‘ kﬁown water level heads. A linear equation was then fit to the calibration data.
Calibrations were conducted prior to both hydraulic conductivity and outflow
experiments. This ensured minimal drift (< 2 mm) in readings over the experimental time

period.
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3.5 EC-5 Soil Moisture Probe

Wetting phase saturation was determined by EC-5 soil moisture sensors (Decagon
Devices, WA. USA). The EC-5 probe uses the capacitance technique to measure the

dielectric permittivity of the surrounding medium [60].

3.5.1 EC-5 Calibration Procedure

A 2 point calibration procedure developed by [61], was used to calibrate the EC-5 probes
so that moisture content in the near dry and near saturated ranges are accurately
predicted. In this procedure, raw EC-5 readings are taken at 0% saturation (i.e.; dry sand)
and at 100% saturation (i.e.; after saturating the column). Raw EC-5 readings (mV) were
recorded by the Campbell Scientific data logger. These readings were first converted to
ADC (Analogue to Digital Converter numbers) using the following equation:

| ADC =mV *1.6384 (3.1)
Saturation is then given by:

_ (4DC* — ADCE) (3.2)

¥ (ADC* - ADCE)

sat

Where ADC is the experimental readings (taken during an outflow experiment) and
converted using Equation 3.1, ADCyyy is the reading taken at 0% saturation (dry soil) and
ADCgy is the reading taken at 100% saturation. This procedure has been shown to have
an error of £0.005 cm®cm™ for dry sand and +0.028cm’cm™ for saturated sand when the

calibration procedure is applied to multiple instruments [61]. However, it was reported
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that the instrument error decreases with sensor specific calibration. Therefore sensor

specific calibrations were conducted for each EC-5 sensor used in the following study.

A comparison study between the 2 point calibration [61] and a linear calibration
procedure [62] is given in Appendix C. The 2 point calibration procedure has been shown
to significantly improve the accuracy of the saturation predictions and is capable of
capturing saturation over the full range of saturation values i.e. 0 to 100%. Therefore the
2 point calibration procedure was chosen to determine the saturation from EC-5

experimental data for all experiments in the following study.

3.6 Dry Packing and Saturation Procedure

Once the tensiometers and EC-5 probes were calibrated and positioned along the length
of the soil chamber, a stainless steel mesh (0.015 by 0.015 cm pore size) was placed at
the lower end of the chamber and the end cap was attached. Sand was poured into the cell
in 2 cm lifts. After each lift was in place, the pressure cell was vibrated to allow the sand

to settle.

Layering was minimized by using a small spatula to slightly disturb the surface layers of
the sand before the addition of subsequent lifts. After dry packing, a stainless steel mesh
was positioned at the upper end of the soil chamber and an end cap was attached. The

weight of the packed sand (M) was determined. Next the porosity (¢ ) was calculated by:

$=1-1(M,/ p,)/ V] (33)
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where p, is the particle density (assumed to be 2.65 g/cm3 ) and ¥, is the total volume of

the soil chamber (1571 cm®). Once the porosity of the packing was within an acceptable
range (i.e. 0.3 to 0.33) then the pressure cell was then flushed with CO; for 20 minutes.
After flushing with CO,, the column was slowly saturated with de-ionized water at a rate

of 1 mL/minute for at least 24 hours.

3.7 Saturated Hydraulic Conductivity Measurements

Hydraulic conductivity for the sand and membranes was quantified using the constant
head method as illustrated in [63]. Figure 3.6 shows the experimental set up used to
measure the hydraulic conductivity. The column inlet is connected to a large manometer
(ID = 7cm). Pressure in the headspace above the manometer is regulated via a pressure

regulator to increase inlet boundary water pressure above hydrostatic conditions.
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For one-dimensional flow, Darcy’s law can be arranged to give:

_ oL (3.4)
~ A(AH)

Where X is the saturated hydraulic conductivity, Q is the flow rate, L is the length of the
soil chamber, 4 is the cross-sectional area and AHis the difference in pressure measured
at the inflow and outflow boundaries. Results from a representative hydraulic

conductivity experiment are presented in Appendix D.

After measuring the hydraulic conductivity of the packed column, the bottom end cap of
the pressure cell was removed and a pre-saturated hydrophilic membrane (Nylaflo 0.2um
pore size, Pall Corporation, Ann Arbor Michigan) was placed at the lower end of the
i)ressure cell. Care was taken to ensure that no air bubbles were trapped under the
membrane as this may result in pore water blockage during the outflow experiments [33].
The hydraulic conductivity procedure was then repeated and the K of both sand and
membrane was obtained. Hydraulic conductivity of the membrane is given by the
following equation:

3.5
K i Lmem ( )

- _‘E‘L _ Lsand
K, K

sand

where Kpem is the hydraulic conductivity of the nylon membrane, Ksunq is the hydraulic

conductivity of the sand, Kt is the hydraulic conductivity of the combination of sand and
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membrane, Lem 1S the thickness of the membrane and Ly is the length of the sand and

membrane.

3.8 Static and Dynamic Outflow Experiments

To determine the effect of flow rate on the measured P.-Sy, relationship, both static and
dynamic primary drainage experiments were conducted using an automated laboratory
apparatus developed to investigate one-dimensional, two-phase flow in porous media.
The experimental set up is illustrated in Figure 3.7. Here the pressure cell was positioned

vertically on a stand.

In experiments conducted with F32-F50 sand, a nylon membrane was emplaced at the
lower boundary while a stainless steel mesh was used to hold the sand in place at the

upper boundary. Three sets of P.-S,, instruments were located at three levels along the

4length of the column as shown in Figure 3.7. Each set of P.-S,, instruments consists of

one non-wetting phase tensiometer, one wetting phase tensiometer and one EC-5 soil

moisture probe.
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saturation was achieved. Dynamic experiments were conducted by increasing the upper
boundary air pressure to either 135 or 214 cm water in one step. This large initial step

ensures a rapid rate of saturation change.




45

Chapter 4 - Results

4.0 Introduction

Results from the primary drainage experiments conducted on packed cores of F32-F50
and F70 sands at varying boundary conditions are presented in this section. For the F32-
F50 sand, drainage was induced under three desaturation rate regimes. Two experiments
were conducted under static or slow desaturation rates (See Figure 4.1 for example). Five
experiments were conducted at an intermediate desaturation rate induced by maintaining
a constant upper boundary air pressure of 135 cm H,O (See Figure 4.2 for an example)
and three experiments were conducted at a fast desaturation rate induced by imposing a

constant upper boundary air pressure of 214 cm H,0 (See Figure 4.3 for an example).

" For the F70 sand, two static and three dynamic experiments were conducted, similar to
those for the F32-F50 sand. The major difference being that no membranes were used in
the F70 experiments. Here F70 dynamic experiments were induced by applying an initial
upper boundary air pressure of 135cm water. The measured parameters i.e. cumulative
outflow, air and water pressures and water saturation are provided in Appendix A for all

experiments.

A comparison of the column properties is provided in Table 4.1. Variations in the
measured porosity and permeability between experiments were consistent with other
studies e.g. [14] as shown by the normalized 95% confidence intervals of the mean

measured parameter (see Table 4.1).
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Table 4.1. Summary of unsaturated experimental results

. Porosity 2 2 Total Cumulative

Experiment Type ( ¢ ) Kegna(m®) Kmem(m®) Po(n;n \3’)01. Outflow (g)

F32-F50 Static 1 0.32 6.32X10™" | 1.15X10°° 499.3 361.0°
F32-F50 Static2 0.32 6.06X10™" | 1.09X107" 504.1 446.0
F32-F50 Dynamic1® 0.32 - - 502.2 467.0
F32-F50 Dynamic2* 0.32 5.26X10" | 1.07X10° 504.5 461.7
F32-F50 Dynamic3* 0.32 2.67X10" | 8.76X107° 498.2 453.4
F32-F50 Dynamic4® 0.30 5.71X107" | 1.09X107° 471.0 433.6
F32-F50 Dynamic5* 0.32 5.61X10" | 1.50X10"° 504.1 469.6
F32-F50 Dynamic6” 0.31 - - 492.1 467.3
F32-F50 Dynamic7® 0.31 - - 491.0 444.5
F32-F50 Dynamic8® 0.33 - - 512.0 4432
Mean 0.32 527X107" | 1.13X10° 490.1 454.0
H 0,

Nor ’"angd 95% 1.6 62 14.5 14 1.9
F70 Static 1 0.32 - n/a 506.5 390.2
F70 Static 2 0.32 - n/a 509.5 379.9

F70 Dynamic 1* 0.32 - n/a 498.3 365.9
F70 Dynamic 2* 0.32 - n/a 508.5 376.7
F70 Dynamic 3° 0.32 - n/a 504.9 368.3
Mean 0.32 - n/a 505.5 376.2
7 0,
Normafized 95% 0.7 . n/a 0.8 2.7

-*Experiments conducted with upper boundary air pressure increased to 135cm H,O in one step

® Experiments conducted with upper boundary air pressure increased to 214cm H,0 in one step
¢ Experiment stopped before S, achieved (inflow at equilibrium of final pressure step). This reading was
not used to compute the mean cugnulative outflow.

¢ Normalized95%C 1. = D% %100

Mean

4.1 Static Drainage Experiments

Upper boundary air pressure, lower boundary water pressure, tensiometric water pressure
at 3 levels, Sy at 3 levels and cumulative outflow were measured for the static
experiments and plotted in Figure 4.1. Cumulative outflow was induced by increasing the
upper boundary air pressure above atmospheric pressure in approximately 2 cm H,O
pressure increments. After each pressure step, sufficient time was allowed for equilibrium

to be achieved between the air and water phases within the sample. Equilibrium was
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During static experiments water pressure remained near hydrostatic pressure at measured
various levels in the column. Small increases in water pressure were recorded
immediately following an increase in air pressure. The increase in water pressure
dissipated as equilibrium was approached. F32-F50 Static experiment 1 was stopped at
Sw ~ 0.25 (measured at the midpoint of the column) due to inflow occurring at
equilibrium after the last pressure step. The other static experiment (F32-F50 Static
experiment 2) was conducted until a residual water saturation (Syy) was achieved, i.e. Sy

~ 0.13 (measured at the midpoint of the column).

Tensiometric air pressure was only measured in F32-FS50 static experiment 2. Air
pressure results recorded at level 3 was not reported due to water infiltration into the
ceramic cup connected to this tensiometer. At level 1 and 2, the tensiometric air pressures

were in good agreement with the upper boundary air pressure at the onset of desaturation.

4.2 Dynamic Drainage Experiments

The measured parameters for F32-F50 dynamic experiments 1 to 5 are presented in
Figures A.2 to Figure A.6 respectively (see Appendix A). In these experiments, drainage
: w‘as.initiated by increasing the upper boundary air pressure to 135cm water at the start of
the experiment and then held constant throughout the F32-F50 drainage experiments (see

for e.g. Figure 4.2).
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Since both instruments were centered at each level, this meant that the EC-5 probes
extended approximately 1 cm above the tensiometers. This may have resulted in the EC-5
detecting a change in saturation before the tensiometers responded especially at the high
desaturation rates measured at level 1. In these cases data from these levels were omitted
from any further analysis as this would suggest water desaturation prior to an increase in
capillary pressure. During dynamic experiment 6, air bubbles were trapped in the line
connecting the wetting phase tensiometer at level 3 to the pressure transducer. This
resulted in erroneous water pressure readings at this level. Therefore data from this level

was omitted from further analysis.

In general, ‘experiments conducted with identical boundary conditions were shown to be
reproducible with the static P-Sy, experiments yielding the highest reproducibility. For
example at S,, = 0.5, the normalized 95% C.I. on capillary pressure for F32-F50 static
experiments, F32-F50 dynamic experiments (P, = 135cm) and F32-F50 dynamic
experiments (P, = 214cm) was 0.01%, 4.6% and 3.4% respectively. A comparison of P-
Sw curves measured at three levels within the same column for a static experiment
(F igure 4.5) and a dynamic experiment (Figure 4.6) show that measurements made on all
~ three levels were reproducible, i.e. having similar Pg and Sy,. This is an indication that a

homogeneous packing was achieved within the column.
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Chapter 5 - Discussion

5.0 Introduction

Primary drainage experiments conducted on packed columns of F32-F50 and F70 sand
showed that the measured capillary pressure-saturation relationship was not unique but a

function of the water desaturation rate.

5.1 Desaturation Rate Effects on the Measured P.-S,, Relationship

Measured P.-S,, relationships generally indicated that as the water desaturation rate
increased, primary drainage capillary pressure increased at a given saturation. There was
a statistical difference between the curves measured under static conditions and curves
measured at the fastest desaturation rates (see Figure 4.10 and Figure 4.11). This trend
has also been observed in air-water experiments conducted by [5, 10, 20, 33, 44, 65], and

PCE-water experiments conducted by [6, 11].

The apparent dependency of the P.-Sy relationship on the desaturation rate/boundary
‘ condition has been attributed to various physical processes which may account for the
observed dynamic or non-equilibrium effects. [7], [33] and [20] suggest pore water
blockage and water entrapment, [18] and [33], suggest dynamic contact angle effects,
while [35] and [33], suggest air-phase continuity to be phenomena which may contribute
to the observed dynamic P.-S,. These processes are now examined in relation to the

results of this study.
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Although it is known that measured dynamic contact angle differ from the static contact
angle [66], this change is said not to be large enough under drainage of an air-water
system to result in significant changes of the capillary pressure [7]. To investigate
whether the dynamic contact angle could account for the relatively small difference
between static and dynamic P, the Laplace equation was used to calculate the ratio of
dynamic P, to static P.. At the entry pressure, the dynamic P; was 1.1 and 1.13 times
larger for the F70 and F32-F50 sand respectively. If we assume that the contact angle,
measured under dynamic conditions through the water phase, is 0°, Laplace’s equation
suggests that the contact angle under equilibrium would be between 25° and 28°. This
contact éngle range is in the range reported in the literature for quartz sand [18, 67]. Asa
result dynamic contact may be one reason for observed differences in capillary pressure

measured under static and dynamic conditions.

For the F32-F50 drainage experiments, hydrophilic membranes were emplaced at the
lower boundary. Dynamic drainage experiments result in a large capillary pressure
gradient near the membrane [56]. According to [33], high P. gradients can result in

drainage first occurring at the outflow end of the column. This reduces the conductivity

- within this zone which impedes drainage of the upper layers in the column. If this

occurred, higher water saturations would be observed in dynamic drainage experiments
for a given capillary pressure. However, all drainage experiments reported in this study

showed that desaturation occurred sequentially from level 1 to level 3.
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This was an indication that drainage began in the upper regions of the column while the
lower regions remained fully saturated for the F32-F50 sand. In the F70 drainage
experiments no membranes were used however dynamic effects in the measured P.-S,,
relationships were detected. Therefore it was concluded that membrane effects were

minimal and likely did not significantly contribute to the resulting dynamic effects.

One of the main assumptions made in both unsaturated zone experiments and modeling
is that the air phase pressure within the porous media does not deviate from atmospheric
pressure during the drainage process [26]. This may not be the case for experiments
which induce drainage of a column by applying a high suction to the lower boundary. For
this type of drainage experiment, air is allowed to enter through the top of the column via
small openings. If these openings are not large enough to facilitate the movement of air

into the column air pressure within the sample may deviate from atmospheric pressure

[91.

This issue can be avoided if drainage is induced by injecting air into the column at the
upper boundary [56]. In the current study this method was chosen to induce drainage. It
_was éssumed that the in situ air pressure was equal to the applied air pressure at the upper
boundary. Since air pressure was the driving force for drainage, any movement of water
must have resulted from air replacing the water within the pore spaces. Air is known to
have a viscosity which is approximately two orders of magnitude lower than water [68].
Therefore any pressure increase of the air phase is commonly assumed to be

instantaneously transferred to all regions where the air phase is present within the sample
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[53, 56]. This assumption has been verified with an additional F32-F50 dynamic
experiment (Pair=135c¢m) in which the in situ air phase pressure was shown to be equal to
the applied upper boundary air pressure once desaturation has occurred (See Figure A.10,

Appendix A).

During dynamic drainage, water may become entrapped in smaller pores as the entry
pressure of the larger surrounding pores is exceeded [7]. The resulting drainage of the
larger pores isolates and water trapped within the smaller pores [33]. This phenomenon
may explain why, during dynamic experiments, the saturation is higher at a given
capillary pressure than for static experiments. To determine if water entrapment was the
cause of discrepancies between static and dynamic capillary pressures, a comparison of
the cumulative water outflow of the F32-F50 static and dynamic experiments (P, =

214cm) were compared at the moment the air-water front arrived at a depth of 7cm (See

Table 5.1). At this time, the cumulative outflow gives the quantity of water removed from
the region of the column between the upper boundary and level 1. This comparison
suggests that for experiments conducted at the fastest desaturation rate, the normalized
, cumﬁlative outflow was not significantly different from the static experiments. Since
water entrapment would result in the dynamic drainage experiments having a lower
cumulative outflow than the static experiments, water entrapment was not a major

contributing factor to the observed dynamic effects.
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Table 5.1. Comparison of the cumulative outflow at the time desaturation first occurs at Level 1.

Experiment Name Norm.Q:ﬁr 2 Time alr-v;:;t:;i f(l:g arrives at
F32-F50 Static experiment 1 0.07 1.79
F32-F50 Static experiment 2 0.06 3.17
F32-F50 Dynamic experiment 6 0.07 0.12
F32-F50 Dynamic experiment 7 0.08 0.10
F32-F50 Dynamic experiment 8 0.07 0.13

# Normalized effective cumulative outflow as defined in Equation 4.1

In the extended P.-Sy relationship proposed by [31], T acts as a capillary damping
coefficient. This means that t relaxes the time needed for the static and dynamic capillary

pressures to become equivalent. For a system with small T values, the free energy added
to fhe system dissipates quickly and equivalence between the static P. and dynamic P, is
re-established quickly [16]. The ability of a porous medium to dissipate energy and
hence re-establish equivalence between static and dynamic P has been related to both the

permeability of the medium [20, 22], and the applied boundary conditions [18].

For homogeneous sands, it is thought that the applied boundary conditions will determine
the length of time needed to establish equivalence between dynamic and static capillary
‘ presSure. Higher applied air pressure results in more energy being added to the system
hence a longer time is needed to achieve this equivalence [1]. For the dynamic
experiments conducted in this study P. increases rapidly following an increase in the air
phase boundary pressure. A rapid P; increase may not allow sufficient time for
equivalence between dynamic and static capillary pressure [16]. Therefore larger
dynamic capillary pressures should be observed at a given saturation, for higher applied

P according to theories proposed by both [1] and [16]. A larger dynamic capillary
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pressure was observed for the large applied air pressure experiments. However, for F32-
F50 experiments conducted at an applied air pressure of 135 cm and 214 cm, the T v.s. Sy
curves were in agreement. Since T is given by dP. divide by dS,/dt, the value of t may
not increase significantly for the relatively small change in dP. resulting from the
pressure step sizes chosen for this study. Hefe, the larger applied air pressure step also

induces a higher desaturation rate.

Both modeling and experimental studies aimed at the quantification of dynamic effecfs in
two phase flow systems have shown that T may not be constant but may depend on
saturation [6, 12, 55]. In this study 1 varied with saturation, decreasing between S,=1 and
Sw=0.9 and then increasing with decreasing water saturations (see Figure 4.16). This type
of non-monotonic behavior was also detected in dynamic simulations conducted by [55].
According to the extended P-S,, relationship [1], t is directly proportional to the dP. and
inversely proportional to dSy/dt. Here the minimum value of t occurs over the saturation
range where the desaturation rate was the largest. This result was in agreement with the

extended P.-S,, relationship.

In 2002, [7] reviewed the literature and quantified t for a number of published air-water
experimental studies. Average values of t were determined to range from 3x10"™ kg.m’
'sto 5x107 kg.m‘l.s". For a PCE-water system, [6] reported T values on the order of
10" to 10" kg.m™.s™ depending on the saturation. Using an inverse method to fit
experimental outflow [12] proposed a linear relationship between t and Sy, with a

maximum 7t on the order of 10" kg.m™.s”! for a PCE-water system. [8] determined 7 to
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be on average 2x10*% kg.m™.s™ for an oil/water system. [10] made direct measurement
of both static and dynamic P.-S,, relationships for the same sand and determined t to be
approximately 1x10"% kgm™s! for the Air/Water system. In this study, T was
determined to vary between 10 to 10" kg.m™.s™. With respect to the magnitude of 1,

measured values compare well to those presented by [6-8, 10, 12, 18, 24]

5.2 Desaturation Rate Effects on

To examine the effects of desaturation rate on 1, dynamic experiments were conducted at
two desaturation rates for the F32-F50 sand. The mean t vs Sy, graphs are compared for

experiments conducted at a mean maximum desaturation rate of 1.4X10%" s

(Pair=135cm) and 2.4X10% ! (Pair=214cm). This comparison reveals that there was no
significant difference between the magnitude of t determined from experiments with
differing desaturation rate regimes. Based on simulations conducted on heterogeneous
sands, [19] showed that for three different desaturation regimes, there was no pronounced

difference between the t vs Sy, relationship for Sy, > 0.7. However, for lower saturations,

T was shown to increase as the applied pressure step size increased.

5.3 Upcaling Effects on ©

In this study, t was determined directly from point measurements (Direct quantification
method 1) or by upscaling to either 6 cm or 9 cm lengths. This was done to see if T was
dependant on domain size as has been reported in the literature [2, 13, 19, 55]. A volume
averaging technique commonly utilized to upscale pressures and saturations was

employed to achieve this goal [18].
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The effect of domain size on the magnitude of t has been investigated by [19]. A two-
phase flow simulator utilizing the same averaging techniques employed in the current
study was used to simulate non-equilibrium experiments at varying length scales. T was
determined to scale with length squared. This conclusion was also arrived at by [55] and
by [2] in modeling and theoretical studies. [19] reported that as the domain size increases,
the difference between the averaged dynamic and static P, increased while the saturation
rate (determined from the averaged saturations) was shown to decrease. This resulted in a

higher magnitude of < for larger domain sizes.

A comparisoﬁ of the averaged and measured dP; vs. Sy, for F32-F50 dynamic experiment
7 and 8 was provided in Appendix B, Figures B.7 and B.9 respectively. A comparison of
dS./dt vs. Sy for F32-F50 dynamic experiment 7 and 8 was provided in Appendix B,
Figures B.8 and B.10 respectively. These comparisons showed that averaged parameters
were good representations of point measured parameters. Therefore it was concluded that
upscaling did not have a significant effect on the magnitude of t for this experimental
system i.e., homogeneous sand, air-water fluids, boundary conditions and scale. In the
| stﬁdy conducted by [19], a PCE-water fluid pair was used with a heterogeneous domain
ranging from 3 to 100m in length. These differences may have resulted in the higher

magnitude of t calculated for larger domain sizes.




88

5.4 Porous Media Property Effects on

The F70 sand contained predominantly finer material than the F32-F50 sand (see Table
5.2 for a comparison of the mean grain sizes). The time relaxation coefficient, T was
shown to be lower for the coarser sand (F32-F50) in comparison to the finer sand (F70)

(see Figure 4.16).

Table 5.2. A comparison of the magnitude of T and soil properties for dynamic or transient

experiments.
Sand Type (Tgc?r(gs;:;;;i kmd) | Plem) | A Msel;: g:)i“
F32-F50 1.2X10° 5.3X10-" 22.5 2.7 0.042
F70 5.2X10° 1.47X10™" 47.0 | 3.9 0.018

In 1978, Staﬁffer developed an empirical relationship to determine the value of t from
fluid and porous media properties. In this relationship, T was shown to be dependent on
soil properties such as porosity (¢), intrinsic permeability (k) and the Brooks and Corey
parameters A and P4 and fluid properties such as viscosity () and density (p):
L ( )A )2 51
kA pg

Thisrelationship suggests that T is proportional to P4 and inversely proportional to the
intrinsic permeability of the porous media. Applying the soil parameters in Table 5.2 for
both sand types, Stauffer’s equation suggests that t calculated for the F70 sand would be
11 times greater than for the F32-F50 sand. The maximum and minimum difference
between the directly measured 1 for both sands occurred at Sy, ~ 0.82 and Sy ~ 0.67
respectively (see Figure 4.16). Here the F70 sand was 4 times larger at Sy, ~ 0.82 and 1.6

times larger at Sy, ~ 0.67.
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Since 1, calculated either by direct measurement or using Stauffer’s equation has the
same unit (kg.m™.s'), it was concluded that Stauffer’s equation was able to only
qualitatively predict the behavior of t between the sand types used in this study. [19] used
a two-phase flow simulator to investigate any dependencies of T on soil properties. In this
modeling study t was not incorporated directly into the multiphase flow simulator but
calculated from the difference between dynamic and static capillary pressure and the
saturation rate obtained from simulations using the extended capillary pressure
relationship. They concluded that the magnitude of t increases with decreasing intrinsic
pertheability. This result was in qualitative agreement with Stauffer’s equation and also

the results of the current study.

5.5 The Experimentally Determined dP, vs. dS,/dt Relationship

In the extended P -S,, relationship proposed by [1], dP. (the difference between dynamic

and static capillary pressures) is said to be linearly related to dSy/dt. Here t is given by

the siope of this linear relationship. t calculated from linear fits to experimentally

determined dP, vs dSy/dt (i.e. direct quantification method 2) gives a reasonable match to
the mean t values calculated using direct quantification method 1. At some saturations,
lower 1 values were predicted by direct quantification method 2. The reason for the lower

7 values is not clear since the same experimental data set was used in both methods.
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[1] suggest that the proposed linear equation passes through the origin as indicated by the
absence of an intercept. Therefore, as the desaturation rate tends to zero, the static P.-S,
relationship is obtained. This was not the case in this work as the linear fits to
experimentally determined dP. and dS,/dt all possessed non-zero intercepts. Intercepts
were obtained from 3.75 cm to -1.12 cm, for the F32-F50 sand and from 3.56 ¢cm to -2.65
cm, for the F70 sand. The maximum intercept for the F70 and F32-F50 sand was 7.5%
and 16.0% of the static entry pressures of each respective sand type. The presence of an
intercept indicates that the linear relationship may not be justified near the origin i.e., as
the desaturation rate tends to zero, the relationship between dP; and dS./dt becomes non-
linear. The degree of this non linear behaviour was thought to be small as indicated by

relatively small intercepts.

A similar conclusion was arrived at by [19] after conducting simulations using the
extended P.-Sy relationship to investigate transient flow in both homogeneous and
heterogeneous media. Here linear plots of dP. vs dS,/dt were shown to possess negative
intercepts. These intercepts were shown to be inversely proportional to S, while the
gradient i.e. T, was shown to have a non-linear dependence on saturation. In the current
study, there was no clear trend between the intercept and Sy, however, T was shown to
| héve a non linear dependence on Sy, at lower saturation rates. In simulations conducted
with a bundle-of-tubes model for calculating dynamic effects, [55] also showed that the

linear relationship between dP. and dS,/dt possessed a non-zero intercept .

The extended P.-S,, relationship also indicates that at saturations near unity, 7 should be

minimal because equilibrium is achieved quickly as permeability is high [69]. Contrary to
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this, T was shown to decrease in magnitude between S,=1 and S,~0.9. This behaviour
has also been observed in experimental work by [10] and in simulations by [55]. An
examination of a representative plot of dS,/dt vs. Sy, (see Figure 4.15) reveals that the
maximum desaturation rate is not achieved at S,,=1 but at a saturation range between 0.9
and 0.75. This saturation range coincides to the region where T possessed its lowest

value.
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Chapter 6 - Summary and Conclusions

6.0 Conclusions

This thesis presents experimental evidence of the saturation rate dependency of the P.-S,,
relationship for two-phase flow in permeable media. An extended P.-S,, relationship
proposed by [1] was employed to quantify the extent to which the measured dynamic P-
Sy relationship deviates from the equilibrium Pc-S,,. In this extended relationship, the
saturation rate is said to be linearly related to the difference between the dynamic and
static capillary pressure for a given water saturation. Here 1, the damping coefficient is
introduéed as the factor of proportionality. Analysis of both static and dynamic P.-S,,
relationships using the extended relationship was conducted and the following

conclusions were drawn:

1.  Capillary pressure measured under dynamic conditions was shown to be larger than
capillary pressure measured under static conditions. Therefore it can be said that the
measured P, is a function of the saturation rate. This effect becomes important for
two-phase flow scenarios where rapid saturation rates are encountered. The
dynamic contact angle was identified as the most likely pore scale process which
may have resulted in the measured difference between dynamic and static capillary

pressure relationships.

2.  The coefficient T was quantified for two sands of varying properties. Here t was

shown to possess a lower magnitude for the sand with a lower Intrinsic
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permeability. This result is in agreement with Stauffer’s equation although the
equation is not able to accurately predict the magnitude of 7, it is in qualitative
agreement with the results of this study. The maximum value of t (10° kgm™.s?
was observed for the finer textured sand. Since large 7 values on the order of 10’
kg.m™.s" were shown to have significant effects on simulations [7] we expect that
the extended relationship should be used for homogeneous sands which possess

large 1 values, i.e. sands with low intrinsic permeability and high entry pressures.

3.  The coefficient T was shown to be independent of domain size up to a domain length

of 9 cm. Here point measurements of pressures and saturations were used along

with a volume averaging technique commonly utilized in continuum scale models
to calculate t. There was no significant difference observed between 1 calculated 1
from point measurements of pressures and saturations and t calculated from volume !

averaged pressures and saturations. This result is not in agreement with simulations

conducted by [19] and by [55]. In both these studies, T was shown to scale with the
square of the system’s length. Therefore for large averaging lengths, T becomes
‘extremely large. This implies that the magnitude of t has no limit and thus a REV

may not be defined [18]. This type of scaling was not observed for the experimental

conditions of the current study.

4. The linearity of the proposed extended relationship was examined. It was shown that
this relationship becomes non linear for low saturation rates. This implies that a

non-linear relationship may be needed to describe the relationship between dP. and
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dS./dt over the entire saturation rate range encountered in this study. The degree of
non-linearity was determined to be small, as indicated by the magnitude of the

offsets in relation to entry pressure.

6.1 Future Work

To date, there exist many experimental works which were aimed at detecting dynamic
effects on the core scale. The magnitude of the damping coefficient 7 is said to depend on
both soil and fluid properties. The dependency of t on fluid properties has only been
investigated using numerical models. There is a need to experimentally investigate this

dependency for different fluid pairs using the same porous media.

Since the subsurface is comprised of layers of soil, each possessing different hydraulic
properties, there is a need to conduct experiments designed to examine the effects of a
layered or heterogeneous domain on t. The development of a 3-D model which
incorporates dynamic effects, would give us the capability to characterize field sites by
accurately predicting the transient distribution of fluids within the subsurface. This type
of model can then be used to assess situations where dynamic effects may be of

importance when evaluating two-phase flow processes at the field scale.

The transient effects of two-phase flow in porous media is an ongoing area of research.
The physical pore scale processes which result in these transient effects are not yet well
understood. These processes have been shown to influence the measured Pc-S,

relationship at the core scale. However, an understanding of transient two-phase flow
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processes on larger scales is needed to address issues relating to contaminant hydrology,
agronomy and petroleum reservoir engineering. This study has contributed to the
understanding of transient effects at the core scale and has given some experimental
insight into a volume averaging technique used to upscale parameters to achieve

simulations on larger scales.
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